Burkholderia multivorans C1576 is a Gram negative opportunistic pathogen causing serious lung infection in cystic fibrosis patients. Considering that bacteria naturally form biofilms, and exopolysaccharides are recognized as important factors for biofilm architecture set-up, B.
Introduction
Burkholderia multivorans is a member of the Burkholderia cepacia Complex (BCC), a group of at least 18 closely related species widely distributed in soil, water and the plant rhizosphere.
1 BCC bacteria often cause chronic respiratory infections in patients with cystic fibrosis (CF), sometimes leading to the "cepacia syndrome" characterised by necrotising pneumonia, bacteraemia and sepsis. 2 In particular, B. multivorans C1576, used in the present work, is a CF clinical isolate. Members of the BCC produce at least seven different exopolysaccharides ( Figure   S1 in Supplementary file), [3] [4] [5] [6] [7] [8] [9] [10] characterised by diverse repeating units: negatively charged and neutral, linear and branched, but all contain common sugars except for D-rhamnose and 3-deoxy-Dmanno-oct-2-ulosonic acid. Moreover, production of poly-β-1,6-N-acetylglucosamine (PNAG) polysaccharide in the biofilms of several BCC species was demonstrated using an immunoblot assay for PNAG, 11 thus adding the eighth polysaccharide, although the polymer itself has not yet been isolated.
Exopolysaccharides have been recognised as virulence factors and as important components of biofilms, the natural and common mode of bacterial growth. 12 In biofilms bacteria grow sticking to each other and/or to a surface and are embedded in a self-produced polymeric matrix containing proteins, polysaccharides, DNA, and lipids, generally named extracellular polymeric substance (EPS). 13 The matrix is highly hydrated, and water channels permit the transport of nutrients to the cells within the biofilm. Biofilms are dynamic structures since bacteria can detach and migrate to colonise other surfaces, suggesting remodelling of the matrix by specific enzymes. Bacteria in the form of biofilms cause many infections to humans 14, 15 and animals, and they are also a serious concern in the industrial world whenever a water-based process is involved (nautical shipping, paper manufacturing, cooling systems, drinking water facilities, health care, medical devices, and food processing). Therefore, in order to better mimic the natural way of growing, in the present investigation B. multivorans C1576 was cultivated in biofilm mode, using a semipermeable cellulose membrane as solid support, 16 and in non-biofilm mode on agar media. Two different growth media were used: Yeast Extract Mannitol (YEM) 17 which induces the mucoid phenotype in BCC species, and Müller Hinton (MH) which is largely used in microbiological laboratories for different bacterial assays. The biosynthesised exopolysaccharides were purified and their structure determined mainly by use of NMR spectroscopy, ESI mass spectrometry and GLC-MS. In order not to confuse the abbreviation "EPS", generally adopted for "Extracellular Polymeric Substances" when referring to biofilms, we have previously proposed the use of EPOL to abbreviate "exopolysaccharide(s)".
Results and Discussion

Biofilm production by Burkholderia multivorans C1576 on semipermeable cellulose membranes and exopolysaccharide purification
Burkholderia multivorans C1576 was grown in static biofilm mode 16 by seeding the bacteria on a semipermeable cellulose membrane deposited on Petri dishes containing Müller Hinton (MH), as culture medium. The growth did not look mucoid, nevertheless EPOLs were purified from the matrix using two different Experimental protocols (see paragraph 4.2), which gave a different yield:
an average of 0.49 mg of EPOL per plate when Experimental protocol I was used, and an average of 0.78 mg of EPOL per plate when Experimental protocol II was applied.
Composition analysis of the EPOL produced by Burkholderia multivorans C1576 in biofilm on MH medium
Composition analysis as alditol acetate derivatives revealed Rha, 3-O-methyl-Rha (Rha3Me) and Man in the molar ratios 0.78 : 0.26 : 1.0, indicating that rhamnose and mannose are present in equimolar amounts, with about 25% of rhamnose bearing O-methyl group on C-3. Determination of the absolute configuration established that rhamnose and mannose had the D configuration. The position of the glycosidic linkages was determined after derivatization of the sugar components to partially methylated alditol acetates. Because of the presence of one methyl substituent in the native EPOL, permethylation was performed using CD 3 I. GC analysis of the derivatives mixture showed four components, which were identified by GC-MS analysis as: 2-linked Rha, 3-linked Rha, 2-linked Man, and 3-linked Man; integration of the respective peak areas gave equimolar amounts, thus indicating a tetrasaccharide repeating unit. The GC-MS analysis also confirmed the presence of an endogenous methyl ether group on C-3 of the 2-linked Rha, whose mass spectrum together with the fragmentation pattern are shown in Figure 1 . Therefore, from integration of the alditol acetates chromatographic peaks, the 2-linked Rha was estimated to be about 50% 3-OMe substituted.
NMR spectroscopy of the EPOL produced by Burkholderia multivorans C1576 in biofilm on MH medium
The EPOL produced by B. multivorans C1576 was investigated by 1 proton. Therefore, the signal at 3.49 ppm was attributed to the 3-O-methyl group on the 2-linked Rha; its higher integration value, with respect to the figure from the composition analysis, is due to overlapping with other resonances. On the contrary, for the second resonance at 3.45 ppm it was not possible to find a corresponding peak in the alditol acetates gas chromatogram, likely because of its very low amount. KDa, using a set of dextrans of known MM as standards. However, this is a rough evaluation since the difference in type of glycosidic linkages and composition between the C1576 EPOL and dextran suggests an important difference in the hydrodynamic volumes of the two polysaccharides, with a high probability of overestimating the MM of C1576 EPOL. This sample had 1 H NMR spectrum and COSY plot identical to the previous sample (data not shown) and no further NMR spectra were recorded, but it was used for chemical analysis. (Table 1) were obtained. Each spin system was then attributed to the respective sugar residue (Table 1 ). The glycosylated carbon atoms were characterised by a significantly deshielded chemical shift value, with respect to the non-substituted ones. 20 The existence of two spin systems for the 2-linked Man, B and B', suggested its proximity with the 2-linked Rha3Me (A) and the 2- The CASPER computer program 21, 22 was used to assess which of the two proposed sequences is the one present in C1576 EPOL. 13 Moreover, the chemical shifts assignment of each proton and carbon atoms perfectly matched the assignments presented in Table 1 (see Supplementary file ). The same approach was used for the repeating unit with the 2-Rha3Me, and the CASPER program showed ten best structures, with the highest ranked (δ REL =1.00) corresponding to the Sequence 2; and the second best structure (δ REL =1.01) to Sequence 1 ( Figure S3 in Supplementary file). In this case, no output with "Calculated chemical shifts" and "Assigned experimental chemical shifts", as for the nonmethylated repeating unit, was obtained; this is probably due to the lack of enough NMR data for methyl substituted residues in the program itself. Although the δ REL difference between the two structures is very small, in order to undoubtedly establish the sequence in the repeating unit of the C1576 rhamno-mannan, the polysaccharide was subjected to a partial acid hydrolysis.
Structure of the oligosaccharides obtained by partial hydrolysis of the C1576 rhamnomannan
Taking advantage of the more labile glycosidic linkage engaged by rhamnose residues, B.
multivorans C1576 EPOL was hydrolyzed for two hours at 80°C with 0.5 M TFA. After removing the acid by rotoevaporation, the sample was examined by ESI-MS; the recorded spectra showed ions at 657.1 u and 511.2 u corresponding to the sodium adducts of tetrasaccharides, composed of two rhamnose and two mannose residues, and trisaccharides, containing two mannose and one rhamnose residues (data not shown). Moreover, the tetrasaccharide and trisaccharide having Rha3Me were also revealed as sodium adducts at 671.2 and 525.2 u, respectively. The mixture was then reduced with NaBD 4 and perdeuteriomethylated, prior to ESI-MS analysis. The MS spectrum showed the expected sodium adducts for the two reduced perdeuteriomethylated tetrasaccharides (878.7 and 881.7 u, with and without the native O-methyl-Rha, respectively) and the two reduced perdeuteriomethylated trisaccharides (698.5 and 701.6 u, with and without the native O-methyl-Rha, respectively) ( Table 2) . Moreover, MS 2 of each parent ion gave very useful sequence information and the assignment of the fragment ions is reported in Table 2 . From these data, the sequence of the trisaccharides and tetrasaccharides resulted to be: Man-Man-Rha3Me-ol, Man-Man-Rha-ol, ManMan-Rha3Me-Rha-ol, and Man-Man-Rha-Rha-ol. The mixture of perdeuteriomethylated oligosaccharides was then hydrolysed with 2 M TFA, reduced with NaBH 4 and peracetylated.
Separation of the partially methylated alditol acetates by GC on an HP-1 column gave the following derivatives: t-Rha, 2-Rha terminus and Rha and the reducing one, as can be expected from the partial acid hydrolysis on this EPOL. Moreover, the small quantity of t-Rha might be due to low amounts of oligosaccharides having this residue as the non-reducing terminus.
EPOLs produced in non-biofilm mode on MH medium
In order to compare the exopolysaccharides produced in biofilm with those biosynthesized in non-biofilm mode, B. multivorans C1576 was also seeded directly on MH agar plates, the EPOL was purified using the Experimental protocol I, and analyzed by 1 H NMR spectroscopy. The spectrum obtained ( Figure S4 in the supplementary file) was very similar to that of the rhamnomannan produced in biofilm mode, including both methyl singlets at 3.49 and 3.45 ppm; also in this case resonances attributable to protons of -CH 2 and -CH 3 groups were detected, indicating the presence of lipids and/or proteins.
EPOLs produced in biofilm and non-biofilm mode on Yeast Extract Mannitol medium
B. multivorans C1576 was also grown with and without interposition of a semipermeable cellulose membrane on Yeast Extract Mannitol solid medium which is known to induce the mucoid phenotype. In fact, in both set ups the bacteria produced abundant mucoid material, indicating the presence of polysaccharides. After purification by centrifugation and dialysis (Experimental protocol I), 1 H NMR spectroscopy of the solutions of the purified macromolecules (see Figure S5 in Supplementary file) revealed the presence of almost pure cepacian, when the cellulose membrane was used, and of a mixture of cepacian and the rhamno-mannan when growth was developed directly on agar, as already found in a preliminary investigation. 23 In the latter case, the anomeric region of the 1 H-NMR spectrum revealed resonances clearly belonging to cepacian 4 together with signals at 5.27, 5.24 and 5.04 ppm, attributed to the rhamno-mannan. Two signals were found at 1.30 and 1.24 ppm, the former belonging to rhamnose H-6's of the rhamno-mannan and the latter assigned to the rhamnose in cepacian, further confirming the presence of the two EPOL's.
Integration of the area of these rhamnose H-6's resonances gave almost identical values (1.12 and 1.00) indicating that for every rhamno-mannan repeating unit there were roughly two cepacian repeating units. In the case of YEM medium, no resonances other than those belonging to the polysaccharides were detected.
Conclusion
When grown in biofilm as well as non-biofilm mode, B. multivorans C1576 produced a novel EPOL, having the following primary structure:
Besides the 50% methyl substitution on C-3 of 2-Rha, the 1 H NMR spectrum also showed another singlet indicative of a further methyl group, although its location on the polysaccharide could not be established due to its low abundance. As in cepacian, 4 Helicobacter pylori, 26 Pantoea agglomerans strain FL1, 27 the serogroup I Azospirilla, 28, 29 and
Xanthomonas campestris pv. phaseoli fuscans. 30 Xanthomonas campestris pv. Malvacearum, 30 Mesorhizobium loti and M. amorphae, 31 and Campylobacter fetus 32 contain also a methyl ether substituent in non-stoichiometric amounts on the 2-linked D-Rha. The lack of the primary alcohol
function on C-6 of Rha together with the presence of a methyl substituent confers to the C1576 rhamno-mannan a hydrophobic character, thus explaining the difficulties encountered during the purification process and the necessity to use an extraction with organic solvent to remove protein and/or lipid aggregates. The presence of hydrophobic domains along the saccharidic chain is well known even in non-deoxy-sugar poly-and oligosaccharides, as documented by the inner cavities of amylose helices or of cyclodextrins which can complex hydrophobic species like aromatic compunds. The occurrence of Rha residues in the investigated EPOL surely emphasizes the hydrophobic character and the co-presence of hydrophilic and hydrophobic chain segments might favor interactions of the C1576 rhamno-mannan with other macromolecules, probably essential for the formation and maintenance of the biofilm matrix architecture. As a matter of fact, the biofilm developed using MH medium was more adherent to the cellulose membrane than that one formed on YEM medium, where only cepacian is present and which was also slimy and easily removed.
The two growth media used in the present investigation promoted the biosynthesis of different EPOLs: on MH agar the bacteria produced always the C1576 rhamno-mannan, independently from the presence of the solid support, while YEM agar promoted the production of cepacian either alone, when the cellulose membranes were used, or in mixture with the rhamnomannan, in the absence of the solid support. Therefore, in the case of YEM medium the use of the cellulose support influenced the type of EPOLs produced. These findings suggest to use caution in assuming that bacteria produce the same EPOL independently from the growth conditions, prior to an experimental evaluation, at least for BCC species.
Experimental
Bacterial growth on agar plates
Burkholderia multivorans C1576 (LMG 16660) is a reference strain from the panel of
Burkholderia cepacia
Complex strains 33 and it was purchased from BCCM™ bacteria collection. M, pH 7.5 and protease (Streptomyces griseus) was added to eliminate proteins; they were purified again by dialysis, neutralized, filtered and recovered by lyophilization. The EPOLs were stored at 4 °C.
Biofilm production on cellulose membranes and exopolysaccharide purification
Colony biofilms were grown on cellulose membranes 16 (Sigma, cut-off 12.400 Da) which were prepared as follows: they were cut in circles to match the Petri dish, washed first in boiling 5% Na 2 CO 3 and then in boiling distilled water for 15 min, autoclaved and placed over Petri dishes, containing YEM or MH medium. Membranes covered the whole plate and excess of water was let to dry under the hood. An overnight liquid culture of bacteria was diluted to 0.013 OD at 600 nm (about 1x10 6 CFU/mL) and 10 µL of the diluted suspension were placed onto the membranes and incubated for 7 days at 30 °C. The liquid medium used for the overnight culture was the same of the seeded Petri dish. For exopolysaccharides purification two different protocols were used.
Experimental protocol I: the material on the membranes was recovered in 5 to 10 mL of 0.9% NaCl, another batch of the exopolysaccharide obtained from MH medium was purified according to the procedure reported by Bales et al. 18 The main differences with Experimental protocol I is the use of polyoxymethylene to fix the cells and of NaOH to better dissolve the matrix components.
General procedures
Chemicals and enzymes used were supplied by Sigma. Analytical GLC was performed on a Perkin-Elmer Autosystem XL gas chromatograph equipped with a flame ionisation detector and using He as carrier gas. An SP2330 capillary column (Supelco, 30 m) was used to separate the acetates were prepared as already described, 35 while perdeuteriomethylation of the EPOLs was achieved following the protocol by Harris. 36 Integration values of the areas of the partially methylated alditol acetates were corrected by the effective carbon response factors. 
Partial hydrolysis and derivatization of the products
The EPOL C1576 (1 mg) was hydrolyzed with 1 mL of 0.5 M TFA at 80°C for 1 and 2 h.
The acid was then removed by evaporation under reduced pressure and then the samples were analysed by ESI-MS which showed that tetrasaccharides and trisaccharides were best produced after 2 hours of reaction. Oligosaccharides were reduced in aqueous NaBD 4 , the reaction was stopped with 50% aqueous acetic acid, and the sample was taken to dryness under reduced pressure.
Addition of 10% acetic acid in methanol was followed by rotoevaporation of the sample for three times; addition of methanol and rotoevaporation were repeated again three times. The sample was then dried under N 2 and perdeuteriomethylated, 38 in order to distinguish the endogenous methyl group of 2-linked Rha3Me.
NMR experiments
The EPOLs obtained from YEM medium were dissolved in distilled water (1 g/L) and sonicated using a Branson sonifier equipped with a microtip at 2. Chemical shifts are expressed in ppm using acetone as internal reference (2.225 ppm for 1 H and 31.07 ppm for 13 C ). NMR spectra were processed using MestreNova software.
ESI mass spectrometry
ESI mass spectra were recorded on a Bruker Esquire 4000 ion trap mass spectrometer connected to a syringe pump for the injection of the samples. The instrument was calibrated using a tune mixture provided by Bruker. Underivatized oligosaccharides were dissolved in 50% aqueous methanol-11 mM NH 4 OAc, while perdeuteriomethylated oligosaccharides were dissolved in a 1:1 mixture of CHCl 3 and CH 3 OH, 11 mM NH 4 OAc. Samples were injected at 180 µL/h. Detection was always performed in the positive ion mode. Table 1 ). Figure 4 : Expansion of the HSQC plot recorded at 50 °C of the B. multivorans C1576 EPOL produced in biofilm mode using MH medium. C-H cross peaks assignments are shown (residues nomenclature is as in Table 1 ). EPOL produced in biofilm mode using MH medium. Intra-and inter-residues NOE contacts are shown.
